Abstract. MicroRNAs (miRNAs/miRs) are short non-coding RNAs (between 20 and 22 nucleotides) that regulate gene expression by binding to the 3'-untranslated region of target mRNA, and preventing protein translation or inducing mRNA destabilization. miRNAs are predicted to target ~60% of all mRNAs, therefore providing a marked degree of regulation of a number of cellular processes. In the present study, the expression of miR-548c-3p was determined by reverse transcription-quantitative polymerase chain reaction analysis and demonstrated to be markedly downregulated in clinical malignant glioma tissues and the glioma T98G cell line compared with normal human brain tissue. Transfection of miR-548c-3p inhibited cell proliferation by inducing G 1 cell cycle arrest and also inhibited the migration of the T98G cells in vitro. Furthermore, a bioinformatic algorithm and a luciferase reporter assay identified proto-oncogene c-Myb (c-Myb) as a potential direct target of miR-548c-3p. Further experiments demonstrated that the inhibition of c-Myb by miR-548c-3p partially mediated the antitumor effect of miR-548c-3p. The results of the present study provide the novel insight that miR-548c-3p inhibits glioma tumorigenesis by targeting c-Myb. Therefore, miR-548c-3p may contribute to the development of improved glioma treatment.
Introduction
Gliomas are the most common type of primary brain tumor (1, 2) . The World Health Organization classification system groups gliomas into four histological grades as follows: Astrocytomas, oligodendrogliomas, ependymomas and oligo-astrocytomas (mixed gliomas) (3) . Astrocytomas are subdivided as follows: Pilocytic, grade I; diffuse, grade II; anaplastic, grade III; and glioblastoma multiforme, grade IV (3). Malignant gliomas account for 80% of all gliomas and are subcategorized into grade III/IV tumors (4). The incidence of gliomas has increased from 5.9/100,000 people in 1973 to 6.61/100,000 people in 2016, primarily due to improved radiological diagnosis (5, 6) . Despite combined treatment regimens, however, it remains an incurable disease and the prognosis is poor (7) . Thorough investigation is required to improve our understanding of its biological characteristics and identify a novel molecular target for clinical therapy.
In 1993, the identification of a small endogenous regulatory RNA molecule in Caenorhabditis elegans led to the description of a family of numerous short single-stranded ribonucleic acids (between 20 and 22 nucleotides) termed microRNAs (miRNAs/miRs) (8) . These molecules are critical post-transcriptional regulators of gene expression in complex organisms. It is not unexpected, therefore, that miRNAs are themselves tightly regulated to allow for gene expression to be shaped in a temporally restrained and tissue-specific manner, which is required for properly structured organismal development and growth (9) (10) (11) . miR-548 is a poorly-conserved primate-specific miRNA gene family, which is involved in the regulation of the actin cytoskeleton, the mitogen-activated protein kinase signaling pathway, ubiquitin-mediated proteolysis, glioma, colorectal cancer and non-small cell lung cancer (12) .
Upregulation of miR-548c-3p was also identified in human embryonic stem cells and in unfractionated castration-resistant prostate cancer (13) . Overexpression of miR-548c-3p was also reported in the blood of patients with gastric cancer (14) . The higher expression of miR-548c-3p may be more definite in the case of Helicobacter pylori-negative gastric cancer (15) . These results suggested that miR-548c-3p is involved in tumor progression. In the present study, miR-548c-3p was identified to be downregulated in glioma tissues and cell lines; however, the underlying molecular mechanism remains unclear.
The proto-oncogene c-Myb (c-Myb) codes for a transcription factor that is a member of the Myb family (16, 17) . The MicroRNA-548c-3p inhibits T98G glioma cell proliferation and migration by downregulating c-Myb transcription factor Myb has a key role in stem and progenitor cell regulation within the colonic crypts, bone marrow and a neurogenic region of the adult brain (16) . In various types of human cancer, mutations have been identified in the Myb gene: Overexpression of c-Myb contributes to transformation in pediatric T-cell acute lymphocyte leukemia, pancreatic tumors and colon tumors (18, 19) . Rearrangements and amplifications of Myb have been identified in ~25% of diffuse cerebral gliomas (20) . These results suggest that c-Myb is involved in glioma tumorigenesis.
In the present study, the potential effect of miR-548c-3p on glioma tumorigenesis was investigated. miR-548c-3p was identified to be downregulated in human malignant glioma tissues. Furthermore, c-Myb was identified to be the direct target of miR-548c-3p and mediated the biological effect of miR-548c-3p. These results suggest that miR-548c-3p may be important in the regulation of glioma development and may lead to clinical applications in the treatment of glioma. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The T98G cells (1x10 5 ) were seeded in 6-well plates and total RNA was extracted using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). A 10-ng sample of total RNA was transcribed into cDNA using a TaqMan ® MicroRNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.), and the miR-548c-3p expression level was quantified using a TaqMan ® MicroRNA Assay kit (cat. no. 479537_MIR; Ambion; Thermo Fisher Scientific, Inc.), which included primers for has-miR-548c-3p. All procedures were performed according to the manufacturer's protocols. The thermocycling conditions were as follows: 95˚C for 5 min, followed by 40 cycles of 95˚C for 5 sec, 58˚C for 10 sec and 72˚C for 5 sec. Each sample was analyzed in triplicate. qPCR was performed using a 7500 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.), the expression of miR-548c-3p was normalized to the expression of U6 small nuclear RNA, and relative expression levels were calculated using the 2 -ΔΔCq method (21) . The expression level of miR-548c-3p in the human brain was set as the wild-type control. To determine c-Myb expression in the T98G cells (1x10 5 ), the cells were transfected with miR-548c-3p using 1 Cell proliferation and colony formation assays. The T98G cells were plated at 3x10 3 cells/well in 96-well plates. All transfections were performed in triplicate. Cells in each well were transfected with 50 nM miR-548c-3p precursor molecule (cat. no. MC11455; Ambion; Thermo Fisher Scientific, Inc.) or a negative control (NC) precursor miRNA (cat. no. 17110; Ambion; Thermo Fisher Scientific, Inc.). Following 1-4 days of culture in a humidified atmosphere with 5% CO 2 at 37˚C, cell proliferation was assessed using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, a colorimetric method for determining the number of viable cells, with a CellTiter 96 ® AQueous One Solution Cell Proliferation Assay kit (Promega Corp., Madison, WI, USA), according to the manufacturer's protocol. MTS solution was added to each well prior to incubation at 37˚C for 3 h. Cell proliferation was assessed by measuring the absorbance at 490 nm using a microtiter plate reader (Molecular Devices, LLC, Sunnyvale, CA, USA). The T98G cells were transfected with 50 nM c-Myb-specific small interfering RNA (siRNA; 50 nM; Ambion; Thermo Fisher Scientific, Inc.) or NC siRNA (cat. no. 4392420; Ambion; Thermo Fisher Scientific, Inc.) using Lipofectamine ® 2000 reagent. The mock control group was untreated T98G cells cultured under normal conditions. The MTS assay was performed 3 days after transfection. To evaluate the colony formation ability, T98G cells transfected with miR-548c-3p or NC siRNA were seeded in 3.5-cm plates (1,000 cells/dish). The colonies were fixed with 10% formalin at room temperature for 30 min, then stained with 0.1% crystal violet (Sigma; Merck Millipore, Darmstadt, Germany) at room temperature for 30 min. Colonies with >50 cells were counted using a light microscope (Carl Zeiss, Axio Observer D1, Germany) after 6 days.
Materials and methods

Cell
Flow cytometric analysis of the cell cycle. The T98G cells were plated into 60-mm dishes and cultured at 37˚C until between 50 and 70% confluence for each transfection. Each cell line was transfected with 50 nM miR-548c-3p precursor molecule or NC siRNA. A total of 48 h after transfection, the cells were collected, washed with phosphate-buffered saline (PBS) and stained with propidium iodide using the Cycletest™ Plus DNA kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer's protocol. Stained cells (1x10 5 ) were analyzed for DNA content using a FACSCalibur flow cytometer with CellQuest Pro software (version 6.0) (both BD Biosciences).
Bioinformatics prediction and luciferase reporter assays. TargetScan (www.targetscan.org) was used to predict the direct targets of miR-548c-3p. The 3'-untranslated region (UTR) of human c-Myb was amplified from human genomic DNA and individually cloned into a pMIR-REPORT vector (Ambion; Thermo Fisher Scientific, Inc.) using directional cloning. Seed regions were mutated to remove all complementarity to nucleotides 1 to 7 of miR-548c-3p using a QuikChange XL Site-Directed Mutagenesis kit (Agilent Technologies, Inc., Santa Clara, CA, USA). The HEK-293 cells were co-transfected with 0.4 µg firefly luciferase reporter vector and 0.02 µg control vector containing Renilla luciferase (pRL-SV40 vector) (both Promega Corp.), together with 50 nM miR-548c-3p precursor molecule or NC precursor miRNA, using Lipofectamine ® 2000 in 24-well plates. Each transfection was performed with four replicate wells. Luciferase assays were performed 24 h after transfection using the Dual-Luciferase Reporter Assay system (Promega Corp.) according to the manufacturer's protocol. Firefly luciferase activity was normalized to Renilla luciferase activity.
Transwell migration assays. The T98G cells were transfected with 50 nM miR-548c-3p precursor molecule or NC. After 24 h, the cells were harvested by trypsinization and washed once with Hanks' balanced salt solution (Invitrogen; Thermo Fisher Scientific, Inc.). Transwell culture inserts (pore size, 8-µm; Costar; BD Biosciences) were placed into the wells of 24-well culture plates, separating the upper and the lower chambers. DMEM (400 µl) was added in the lower chamber and 1x10 5 cells were added to the upper chamber. A total of 24 h after incubation at 37˚C and 5% CO 2 , the cells that adhered to the inserts were fixed with 70% methanol at room temperature for 30 min and then stained with 0.1% crystal violet for 30 min. The number of cells that had migrated through the pores was quantified by counting 10 independent visual fields using a light microscope and a x20 objective.
Western blot analysis. The T98G cells (1x10 5 ) were transfected with the miR-548c-3p precursor molecule or NC. A total of 24 h after transfection, the cells were washed with ice-cold PBS and subjected to lysis in a lysis buffer (50 mM Tris-HCl, 1 mM EDTA, 20 g/l SDS, 5 mM dithiothreitol and 10 mM phenylmethylsulfonyl fluoride). Protein concentration of whole cell lysates was assessed using the Pierce™ BCA Protein Assay Kit (Pierce; Thermo Fisher Scientific, Inc.). Protein lysates (50 µg each) were separated by 10% SDS-PAGE, then electrotransferred onto nitrocellulose membranes. The membranes were blocked with a buffer containing 5% skimmed milk powder in PBS with 0.05% Tween-20 for 2 h and incubated overnight with primary antibodies (described below) at 4˚C. Antibodies directed against c-Myb (1:1,000; cat. no. 12319), protein lin-28 homolog B (Lin28b; 1:1,000; cat. no. 4196), Myc proto-oncogene protein (Myc; 1:1,000; cat. no. 9402) and GAPDH (1:2,000; cat. no. 2118) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Following a second wash with PBS containing 0.05% Tween-20, the membranes were incubated at room temperature for 1 h with horseradish peroxidase-conjugated anti-rabbit Immunoglobulin G secondary antibody (dilution, 1:4,000; cat. no. 7074; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and developed with an enhanced chemiluminescence detection kit (Pierce; Thermo Fisher Scientific, Inc.). GAPDH was used as a loading control.
Caspase activity assay. Apoptosis in the T98G cells was determined using the Caspase-Glo ® 3/7 assay kit (Promega Corp.)
according to the manufacturer's protocol. The T98G cells were plated in triplicate in 96-well plates and transfected with miR-548c-3p as aforementioned. Samples were then incubated at room temperature with the caspase substrate (provided in the kit) for 2 h followed by measurement of the optical density at 560 nm using a microtiter plate reader (Molecular Devices, LLC, Sunnyvale, CA, USA).
Wound healing assay. A total of 1.5x10 5 T98G cells/well were cultured in a 12-well plate for 24 h prior to transfection with miR-548c-3p or NC. After 2 days, the cells were scratched with a 100-µl pipette tip, washed with Hanks' balanced salt solution three times, and cultured in serum-free DMEM at 37˚C and 5% CO 2 . Images were captured 0, 1 and 3 days subsequent to the wound being made.
Statistical analysis. SPSS software (version 20.0; IBM SPSS, Inc., Armonk, NY, USA) was used for statistical analysis. Student's t-test was used to determine the statistical significance of differences between groups. All results are presented as the mean ± standard error of the mean from experiments performed at least three times. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-548c-3p is downregulated in glioma tissues and glioma cell lines.
To determine whether miRNA was involved in the regulation of glioma tumorigenesis, the expression of miR-548c-3p was determined in glioma and wild-type brain tissues. Total RNA was extracted and RT-qPCR analysis was performed. miR-548c-3p expression was decreased significantly in all 11 glioma tissue samples compared with two wild-type brain samples (Fig. 1A) . Consistent with the data from glioma tissues, miR-548c-3p expression was demonstrated to be significantly downregulated in the U87, U251 and T98G glioma cell lines compared with the brain tissue (P<0.01; Fig. 1B ). These results indicated that miR-548c-3p serves certain roles in glioma development.
miR-548c-3p inhibits T98G cell proliferation and migration.
As miR-548c-3p expression was downregulated in glioma, its biological effects on a glioma cell line were investigated. The T98G cells were transfected with the miR-548c-3p precursor molecule or NC. An MTS assay was performed to assess growth inhibition 1, 2, 3 and 4 days after transfection. Transient transfection of miR-548c-3p into T98G cells caused a significant inhibition of proliferation at day 4 compared with that of the NC and mock cells (25±6.2% inhibition; P<0.01; Fig. 2A ). To further verify miR-548c-3p-mediated inhibition of cell proliferation, a colony formation assay was used to determine visually the effect of miR-548c-3p transfection on T98G cells (Fig. 2B) . Cell migration, a prerequisite for malignant transformation and metastasis, was assessed using Transwell migration and wound healing assays. In the Transwell assay, T98G cells were transfected with either the miR-548c-3p precursor or an NC precursor. The cells were seeded on culture inserts, and the ability of cells to migrate to the underside of the inserts was determined. As presented in Fig. 2C , migration of miR-548c-3p-transfected cells was significantly decreased compared with mock-and NC-transfected cells (mock, 205±45; NC, 197±49; miR-548c-3p, 137±38; both P<0.01). The results of the wound healing assay were consistent with the Transwell migration assay. Migration of miR-548c-3p-transfected T98G cells was slower than that of NC-transfected T98G cells 1 and 3 days after transfection (Fig. 2D) . Overall, the introduction of miR-548c-3p resulted in reduced cell motility.
The cell cycle was investigated using flow cytometry. In T98G cells transfected with miR-548c-3p, 50% accumulated in the G 1 phase compared with 34% of cells for NC-transfected cells (Fig. 2E) . To further evaluate miR-548c-3p-mediated inhibition of cell proliferation, caspase activity was investigated to determine the involvement of apoptosis. No significant difference was observed in caspase 3/7 activity between miR-548c-3p-and NC-transfected cells (Fig. 2F) . Therefore, these results indicated that T98G cell growth was inhibited by miR-548c-3p expression via cell cycle G 1 arrest rather than the induction of apoptosis.
c-Myb is a target of miR-548c-3p. Analysis using TargetScan (www.targetscan.org) was conducted for miR-548c-3p target prediction to investigate the underlying molecular mechanisms of miR-548c-3p-mediated cell proliferation and migration. The potential targets associated with tumorigenesis were identified as c-Myb, Myc and Lin28b. The effect of miR-548c-3p on the expression of these genes was investigated, with alteration of c-Myb being the most marked (Fig. 3A) . The potential binding site of miR-548c-3p was predicted in the 3'-UTR of c-Myb mRNA. Alignment between the predicted miR-548c-3p target sites and miR-548c-3p, the conserved 7-bp seed sequence for miR-548c-3p-mRNA pairing, is presented in Fig. 3B . To evaluate the specific regulation of c-Myb through the predicted binding site, the c-Myb 3'-UTR sequence was amplified and inserted downstream of the firefly luciferase coding region of a pMIR-Luc vector. Mutants of the putative binding site were also prepared.
As indicated, introduction of miR-548c-3p in HEK-293 cells with the wild-type 3'-UTR (pLuc-c-Myb 3'-UTR) construct significantly inhibited the luciferase activity compared with the NC group (P<0.01; Fig. 3C ). Mutation of the binding site, using a mutant vector (pLuc-MET 3'-UTR-Mut), completely eliminated the ability of miR-548c-3p to regulate luciferase expression. These results demonstrated that c-Myb was a potential target of miR-548c-3p. RT-qPCR assay results also demonstrated that miR-548c-3p was able to inhibit c-Myb mRNA expression compared with NC and mock cells (P<0.01; Fig. 3D ).
c-Myb rescues the effect of miR-548c-3p overexpression.
To confirm that c-Myb was responsible for miR-548c-3p inhibition of T98G proliferation and migration, c-Myb was knocked down and the knockdown efficiency of c-Myb siRNA was analyzed. A western blot assay demonstrated that c-Myb siRNA was able to inhibit c-Myb expression to a marked extent (Fig. 4A ). An MTS assay was performed to test the effect of c-Myb siRNA on T98G proliferation. The proliferation of T98G cells transfected with c-Myb siRNA was inhibited compared with the NC (Fig. 4B) . Furthermore, cells were co-transfected with miR-548c-3p and c-Myb to evaluate the effects of c-Myb on miR-548c-3p-overexpressed cells. As presented in Fig. 4C , miR-548c-3p inhibited T98G cell proliferation; however, cells co-transfected with miR-548c-3p and c-Myb rescued proliferation markedly compared with NC. This suggested that miR-548c-3p may exert its effect through the inhibition of c-Myb. The Transwell assay demonstrated that cells co-transfected with miR-548c-3p and c-Myb rescued the inhibitory effect of miR-548c-3p on T98G migration (Fig. 4D) . Therefore, these data indicated that c-Myb is responsible for the inhibition by miR-548c-3p of the proliferation and migration of T98G cells.
Discussion
Following the identification of the miRNA let-7, a number of miRNAs have been linked to oncogenes and tumor suppressor genes, including the Ras proto-oncogene, the anti-apoptotic gene BCL2 and the potent p53 tumor suppressor gene (22, 23) . As downregulation of miRNA has been observed in various types of tumor, miRNAs function as tumor suppressors or oncogenes by interacting with their corresponding targets. However, it was previously demonstrated that upregulation of miRNA occurs in certain types of tumor (24) . It was hypothesized that miRNAs are able to act as oncogenes or as tumor suppressors, depending on the type of tissue and the context in which they are expressed (25, 26) . Knowledge of the underlying molecular mechanism of miRNAs in cancer remains limited. miR-548c-3p has been investigated in certain types of cancer, including breast, prostate and H. pylori-negative gastric cancer (13, 15, 27) . Mutation of miR-548c-3p may be an important driving force in tumorigenesis. Furthermore, it was reported that downregulation of miR-34b and miR-548c-3p, which target high-mobility group protein A1 (HMGA1), may account for the overexpression of HMGA1 protein detected in the majority of human pituitary adenomas (28) . In the present study, the expression level of miR-548c-3p was investigated, and downregulation of miR-548c-3p in glioma tissues and the T98G cell line was demonstrated. Furthermore, miR-548c-3p inhibited T98G cell proliferation and migration. These results suggested that miR-548c-3p serves an important role in glioma.
To identify the potential targets of miR-548c-3p, candidate genes identified using TargetScan were screened. c-Myb was selected due to its involvement in numerous cancer types (29, 30) . c-Myb has the potential to induce cell proliferation and is likely to serve a role in stimulating progression through the cell cycle in wild-type cells. Furthermore, interactions with cell cycle regulators, including cyclin D1, may be important for its oncogenic activity (31) . In the present study, the c-Myb 3'-UTR was inserted downstream of the firefly luciferase coding region of a pMIR-Luc vector. Using western blot analysis, it was demonstrated that c-Myb expression was markedly reduced when transfected with miR-548c-3p. These results identified that c-Myb was the target of miR-548c-3p. miR-548c-3p induced T98G arrest at G 1 phase, which was possibly associated with the activation of genes required for the G 1 /S phase transition by c-Myb. However, elucidation of the signaling pathways involved requires further study.
It was previously demonstrated that the modulation of c-Myb levels in a number of tumor lines was frequently associated with increased migration and invasion capabilities (32). Tanno et al (33) demonstrated that the expression of neuronal cadherin was increased in c-Myb-expressing HEK-293 and LAN-5 cells, and may be responsible for the biological function of c-Myb. In the present study, bioinformatic prediction and experimental data indicated that miR-548c-3p is able to target c-Myb. Overexpression of c-Myb rescued the effect of miR-548c-3p. Therefore, this revealed that miR-548c-3p exerts its effect on cell proliferation and migration though downregulation of c-Myb; however, the underlying molecular mechanism remains unclear.
In summary, miR-548c-3p was identified as one of the key regulators of c-Myb involved in the tumorigenesis of glioma. Reconstruction of miR-548c-3p or inhibition of c-Myb function may be a promising therapeutic strategy for the treatment of glioma.
